Bulk carbon impurities segregate at the Fe͑100͒ surface and, upon thermal annealing, can form metastable surface phases, with local and long-range order, that show peculiar electronic properties. We present a surface science study of C-segregated Fe͑100͒ with scanning tunneling microscopy/spectroscopy ͑STM/STS͒, core level spectroscopy, and ab initio calculations of the surface structure. In particular, we investigate a c͑3 ͱ 2 ϫ ͱ 2͒ structure, observed for 0.67± 0.05 atomic layers of C segregated at the iron surface. This structure is found to be due to self-organized carbon stripes, which form a regular pattern on a nanometer lateral scale and are made of zig-zag chains. The C atoms in the chains lie slightly off center in the fourfold hollow site and are bonded to 5 Fe neighbors. Striking features of this structure are the self-avoiding chains, the passivation effect of the iron surface, and the presence of one-dimensional-like Fe surface states close to the Fermi energy.
I. INTRODUCTION
Self-organized nanostructures grown onto solid samples are nowadays not only one of the most promising fields of application for new technologies but also crucial systems for the understanding of the physical properties at a nanoscale level, 1 in particular in materials where strong implications on the electronic and magnetic properties are expected and observed. Recent results on single-crystal stepped surfaces clearly demonstrated, both experimentally and theoretically, that a large number of self-organized structures can be "constructed" with regular shape and distances by an appropriate control of the growth processes. [1] [2] [3] [4] Surface segregation of bulk impurities is driven by the total energy minimization of the solid that reduces its total structural stress by transferring it into the surface layer, up to surface concentrations that can be accommodated into lowenergy metastable structures. 5, 6 The surface reconstructions induced by segregation are therefore a special case of global self-assembly of the real solid. Segregation of bulk impurities starts as a diffusive phenomenon and as such can be activated by increasing the solid temperature, a procedure conventionally called annealing that represents a fundamental step in the preparation of atomically clean, flat, and ordered surfaces of a single crystal. Often the preparation of an "ideal" surface of a transition metal is accompanied by a detectable amount of segregation of bulk impurities which therefore contributes to the actual properties of the "clean surface." Saturation concentrations of segregated species determine some metastable surface phases that prevent further segregation, or segregation of other species, at a given temperature, even for prolonged annealing. These structures are therefore of thermodynamic interest for the whole solid and are often characterized by well-defined local and long-range order, i.e., by surface reconstruction. [7] [8] [9] This is the case, in particular, of the Fe͑100͒ surface enriched with C segregated from the bulk. The clean bcc Fe͑100͒ surface does not show substantial surface relaxation and/or reconstruction, 10 but segregation of impurities such as Si, C, P, S, and N, generally incorporated into the surface fourfold hollow sites, leads to a c͑2 ϫ 2͒ reconstruction for impurity abundance of about half a monolayer. 8, 11 Here we address the atomic and electronic structure of the C/Fe͑100͒ segregated system, with particular attention to a metastable phase of higher C concentration than the c͑2 ϫ 2͒. This peculiar phase is characterized by the formation of stripes involving zig-zag chains of C atoms and the Fe confined within. We present the results obtained with core level spectroscopies for abundance determination and with scanning tunneling microscopy/spectroscopy ͑STM/STS͒ for local order determination; moreover, ab initio calculations are presented to refine the atomic structure, to better understand the origin of the formation of the C chains, and to assign the tunneling current maxima to specific electron states of the surface. Our results suggest that the formation of the zigzag pattern, observed at a C coverage of from repulsive interactions between C impurities segregated at hollow sites of the Fe͑100͒ surface.
II. EXPERIMENTAL AND THEORETICAL METHODS
Fe͑100͒ surfaces of bcc Fe\3%Si single crystals with miscut lower than 1 deg were cleaned by sputtering ͑800 V, Ar + ͒ and annealing cycles, and subsequently enriched in segregated species by calibrated annealings. The surfaces presented flat ͓100͔ terraces typically 100 Å wide, separated by monoatomic steps. Segregation of silicon, carbon, and phosphorus were promoted by annealing. Silicon enrichment at the surface was only observed at the early stages of the crystal preparation. A reproducible regime of segregation, for subsequent treatments, was established: carbon-rich surfaces were obtained for annealing temperatures in the 650 K to 850 K range, and phosphorus enrichment was obtained from 800 K to 950 K. The observed reconstructed surface structures due to C, without detectable traces of P, could be reproduced routinely. More details about the preparation of the samples can be found in Ref. 12 .
The experiments were performed mainly on the APE-INFM surface laboratory and beamlines at the ELETTRA storage ring of Sincrotrone Trieste.
13 Sample preparation and analysis by low-energy electron diffraction ͑LEED͒, Auger electron spectroscopy, and scanning tunneling microscopy ͑STM͒ were performed in a base vacuum of 4 ϫ 10 −11 mbar. The STM tip was electrochemically etched ͑1 N NaOH solution͒ from tungsten wire and finally cleaned by sputteringannealing cycles in situ. All the STM images presented here were obtained in constant current mode. The core level data were obtained, on replica samples, at the SuperEsca beamline equipped with a double-pass hemispherical analyzer, operated at an overall energy resolution of 200 meV and angular resolution of ±2 degrees.
The ab initio calculations were performed within the general gradient approximation ͑GGA͒ to density functional theory, using the pseudopotential plane-wave method. We employed the spin-polarized GGA exchange-correlation functional of Perdew, Burke, and Ernzherof 14 and Vanderbilt ultrasoft pseudopotentials. [15] [16] [17] [18] The surfaces were modeled using a slab geometry in supercells containing nine layers of Fe and nine equivalent layers of vacuum. The Fe slab was generated using the theoretical value of the equilibrium lattice parameter of bcc Fe: a = 2.86 Å ͑the experimental value is 2.87 Å͒. We placed the C impurities on both sides of the Fe slab, in order to preserve the equivalence by reflection h of the two surfaces in the supercell. Plane waves with a kinetic energy up to 27 Ry were included in the basis set for the expansion of the electronic orbitals, and with a kinetic energy up to 270 Ry for the expansion of the electronic charge density ͑including the core-augmentation charge͒. 15 The integrations in reciprocal space were performed using a ͑2,6,1͒ Monkhorst-Pack 19 k-point grid. A Gaussian electronic-level smearing with full width at half maximum of 0.02 Ry was used to determine the Fermi energy. The atomic structure of the C / Fe͑100͒ surfaces was relaxed, keeping the three innermost layers of the slab frozen at their bulk positions. The relaxation process was stopped when the forces on the atoms were smaller than 0.001 Ry/ a.u.
To complement the ab initio calculations, and help in understanding the mechanism responsible for the formation of the C chains, we also carried out classical Monte Carlo simulations, based on a model Hamiltonian. The model Hamiltonian was written in terms of pairwise interactions between carbon impurities sitting at hollow sites of the Fe ͑001͒ surface:
where n i =1,0 is the occupation variable of site i. The sum in the first, second, and third terms on the right-hand side of Eq. ͑1͒ runs over first, second, and third nearest-neighbor hollow sites of the Fe surface, respectively, and U jN stands for the jth nearest-neighbor C-C interaction ͑considered up to the third nearest neighbor͒. For a given set of interaction parameters, U jN , we determined the lowest-energy configuration͑s͒ of Eq. ͑1͒, for a given C coverage, by Monte Carlo simulated annealings using periodic boundary conditions ͑with unit cells including up to 30ϫ 30 hollow sites͒.
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III. RESULTS
A. XPS, Auger, LEED, STM
Carbon 1s core level spectra for Fe͑100͒ samples with different degrees of C segregation are presented in Fig. 1 . The right panel shows comparison of the C 1s line shapes. The residual C on the as-sputtered iron surface shows a main C 1s line at 283 eV of binding energy ͑BE͒ and further lines at ϳ1.6-1.8 eV higher BE, i.e, at binding energies comparable to those of graphite ͑284.4 eV͒ and of bulk diamond ͑285.0 eV͒. 21 The lower binding energy of the main peak with respect to graphite is due to the strong polarity of the carbon-iron bonds. 8 In the left panel we present an on-line sequence of C 1s spectra acquired as the annealing temperature increases from room temperature to 900 K, along the three relevant axes. The main C 1s line shifts to lower BE by Ӎ0.7 eV as the annealing proceeds. The intensity changes are connected with the kinetics of the segregation process: as the temperature is raised above RT, the initial graphitic component vanishes while the main component at lower BE shifts in energy and loses the shoulder structure. 22 The C 1s intensity reaches the maximum at 600°C and decreases for higher temperatures due to the onset of the segregation of other impurities that substitute C in the hollow site. The maximum intensity of C 1s corresponds to the formation of the zig-zag chain surface structure.
Typical Auger spectra and LEED patterns for relevant segregation temperatures, as obtained in Ref. 12 , are presented in Fig. 2 . Carbon, silicon, and sulfur form c͑2 ϫ 2͒ superstructures on Fe͑100͒ upon surface segregation and occupancy of the fourfold hollow sites. 8, 23 A clear c͑2 ϫ 2͒ LEED pattern is observed in panel ͑a͒ after annealing at 300°C for 8 min, due to the segregation of C. For such surfaces the ͑ ͒ spots of c͑2 ϫ 2͒. The Auger line shape of carbon corresponding to ͑b͒ presents two structured peaks at lower kinetic energy than the main line, when compared to the Auger line relative to the c͑2 ϫ 2͒ LEED. Assuming 0.50± 0.05 ML C coverage relative to the c͑2 ϫ 2͒ LEED patterns ͓Fig. 2͑a͔͒, the coverage for the c͑3 ͱ 2 ϫ ͱ 2͒ reconstruction is estimated to be 0.67± 0.05 ML. The c͑3 ͱ 2 ϫ ͱ 2͒ reconstruction was reported for C / Mo͑100͒ and C / W͑100͒ surfaces, with split spots of higher brightness with respect to the present ones. 24, 25 The superstructure visible in Fig. 2͑b͒ displays a stretched circle along the ͗100͘ direction and a spot lenght of Ӎ ases, respectively͒. In panel ͑a͒ one observes a regular ͑1 ϫ 1͒ distribution of bright spots, whose relative distance compares well with the spacing of bcc Fe atoms in the ͑100͒ plane ͑2.87 Å͒. On the other hand, in panel ͑b͒ one observes a stripe arrangement similar to Fig. 3 . Comparison between the locations of the maxima of the STM signal, in Figs. 4͑a͒ and 4͑b͒, suggests that the stripe signal in the STM images at positive bias is mostly related to Fe atoms. It is important to note that the values of the bias voltage used in the STM images of Figs. 3, 4͑b͒, and 4͑c͒ are comparable to or larger than the value of the Fe surface state peak of the clean Fe͑001͒ surface, as measured by STS ͑at ϳ0.2 eV above the Fermi energy͒. 26, 27 A confinement 27 and a shift to higher energy 27, 28 of such surface states have been previously observed in surfaces with segregated elements.
The atomically resolved topography image in panel ͑c͒ ͑size 41ϫ 41 Å 2 , V b = + 200 mV, I t = 0.2 nA, corresponding to the top right box in Fig. 3͒ reveals that the stripes of Fig.  3͑a͒ do have a zig-zag atomic fine structure. As already reported in Ref. 12 , the distance between the nearest-neighbor atoms ͑bright spots͒ in the zig-zag chains is Ӎ2.90± 0.05 Å, to be compared with the distance of two bcc Fe atoms in the ͑100͒ plane ͑2.87 Å͒. A further analysis with respect to previous results is presented with a cross-section analysis ͓right of panel ͑c͔͒, showing a slight difference in the height position ͑corrugation͒ within the zig-zag chains: lower and higher positions are found at 0.10± 0.05 Å one from the other. This corrugation may correspond to nonequivalent electronic density at different positions. White regions are observed at the break point of zig-zag chains, possibly corresponding to the presence of unsaturated bonds. A sketch of the proposed carbon c͑3 ͱ 2x ͱ 2͒ /Fe͑100͒ structure is shown in panel ͑d͒. Small and large white͑black͒ circles represent iron͑carbon͒ atoms. The unit cell contains four atoms, corresponding to a C coverage on Fe͑100͒ of 0.67 ML, well in agreement with Auger data. Annealing at higher temperatures promotes also P segregation. 12 We remind that P atoms stick first to the corner of the zig-zag chains ͓with an estimated coverage of 0.2 equivalent ML on Fe͑100͔͒, presumably where unsaturated bonds of the underlying surface are available; in fact, the number of white "clouds" is strongly reduced after P segregation which indirectly supports the attribution. At saturation almost all the terraces are covered by the P atoms chains. The P segregated surface is characterized by long chains with nonperiodic arrangement ͓panel ͑c͔͒ and no long-range order. 12 Finally, in Fig. 5 we present angular resolved photoemission ͑ARPES͒ spectra, where we compare atomically clean Fe͑001͒, as grown by MBE on MgO, and the c͑3 ͱ 2 ϫ ͱ 2͒ C/Fe͑100͒ surface. Data were obtained in situ at the APE-LE beamline 13 equipped with a SES2002 analyzer: the overall energy resolution was set to 20 meV and the angular resolution was ±0.2 degrees. ARPES spectra were measured at normal emission with linearly polarized light of h = 50 eV and integrated over ±4 deg about ⌫ ͑normalized to the maximum intensity͒. In the reference Fe͑001͒ ͑red curve͒ the peak at ϳ5.5 eV BE is due to residual oxygen contamination. No structures are present at higher binding energies. The oxygen contamination was unavoidable after surface preparation at a residual pressure of 1 ϫ 10 −10 mbar and further increased with time. By calibrating the photoemission intensities by the relative Fe 3d and O 2p photoionization cross section at h =50 eV ͑Ref. 29͒ the amount of oxygen contamination of the Fe͑001͒ surface was of Ϸ0.2 monolayers. The C / Fe͑001͒ valence band shows a broader main band with prominent features in the 1 -5 eV BE range. At ϳ6 eV BE there is a peak and an extra peak appears at 12 eV BE. Contrary to the reference Fe͑001͒, the intensity of the peak at 6 eV does not change with time in UHV. In the vicinity of the Fermi energy the main contribution to the photoemission intensity comes from the Fe d bands and from an intense surface state, in the case of the pure Fe. However, we also observed important modifications of the Fe͑001͒ Fermi surface in the presence of C chains that will be discussed elsewhere. 30 The ensemble of the STM and spectroscopic observations on the c͑3 ͱ 2 ϫ ͱ 2͒ C/Fe͑100͒ surface indicates that the electronic structure of the iron surface is severely modified by the presence of the C atoms, and the lateral zig-zag charge density stripes with vertical corrugation and free charge at the breaking points or at the 90 deg turning points all indicate that a special bonding configuration is established involving carbon and iron surface atoms. Such configurations at segregated surfaces should not necessarily be understood as stable chemical configurations since the interface energy with the bulk probably plays an important role in determining the saturation and the energy barriers for further surface enrichment in segregated species. Previous STM experiments on transition metal surfaces have already pointed out the influence of C on the local density of states. 28, 31 It is therefore appropriate to conduct the analysis of the STM by performing electron state calculations on structural models compatible with the experimental data. B. Calculations: c"3 ͱ 2 Ã ͱ 2… reconstructed structure
In Fig. 6 , we display the equilibrium atomic structure obtained from the ab initio calculations for the C / Fe͑100͒ c͑3 ͱ 2 ϫ ͱ 2͒ surface, starting from the carbon arrangement suggested by STM and LEED results ͑model in Fig. 4͒ . We note that in the starting configurations, we imposed two different heights ͑differing by 0.1 Å͒ for the two inequivalent C atoms within the chains and used several different initial values for the average distance between the C atoms and the Fe surface, ranging from +0.5 Å ͑i.e., above͒ to −0.2 Å ͑below͒ the Fe surface layer. In all cases, the same equilibrium atomic structure ͑Fig. 6͒ was found, with all C atoms sitting at equivalent positions. We also started from configurations in which the two C atoms within the chains are laterally displaced one with respect to the other, in order to break all possible v reflection symmetries of the c͑3 ͱ 2 ϫ ͱ 2͒ reconstructed surface; also in this case we recovered the structure shown in Fig. 7 . In this relaxed structure, the C atoms are located very close to the Fe surface layer, i.e., only ϳ0.21 Å ͑0.32 Å͒ higher than the outermost ͑second outermost͒ Fe atoms, and exhibit a small lateral displacement with respect to the center of the Fe͑100͒ hollow site. Each carbon atom has five nearest-neighbor Fe atoms, with C-Fe distances ranging from 1.89 to 2.05 Å. The closest Fe atom ͑at 1.89 Å͒ is located just below the C atom, i.e., within the second Fe layer from the surface. The other four nearest neighbors belong to the outermost Fe layer: two are located at 1.96 Å along the C chain and two at 2.05 Å along the direction perpendicular to the C chains. We note that the equilibrium C-C ͑Fe-Fe͒ nearest-neighbor distance within the zig-zag stripes is 3.01 Å ͑2.62 Å͒, i.e., increased by 5% ͑decreased by 8%͒ relative to the Fe bulk equilibrium value of 2.86 Å.
We have examined the relative stability of the zig-zag chain configuration with the C atoms on hollow ͑H͒ sites ͑Fig. 6͒, with respect to similar configurations having the C atoms located either on bridge ͑B͒ sites or on top ͑T͒ sites. We rigidly displaced the C zig-zag chains, parallel to the Fe surface plane, from the H to the B or T sites, and let the corresponding atomic structure fully relax. The resulting relaxed B and T structures were found to be considerably higher in energy than the relaxed H configuration, i.e., by respectively ϳ2 and ϳ3 eV per carbon atom. Therefore, the ab inito results confirm that the C atoms in the zig-zag chain structure sit at hollow sites and show that they very strongly bind to the Fe͑100͒ surface at such sites. This is consistent with the results of a recent ab initio study of isolated C atoms on Fe͑100͒ ͑Ref. 32͒ and with the analysis of LEED experiments on the c͑2 ϫ 2͒ C/Fe͑100͒ surface, 23 which also both show that the C atoms sit in the hollow position with a fivefold coordination.
In order to better understand the origin of the formation of the C zig-zag chains, we have performed total-energy calculations for selected C arrangements illustrated in Fig. 7 . Such configurations include either 2 or 3 C ͓110͔ rows per c͑3 ͱ 2 ϫ ͱ 2͒ surface cell. The corresponding relative energies ͑at fixed C coverage͒ are also given in Fig. 8 for the fully relaxed structures. The results for the two-row structures show that the zig-zag chain ͓two adjacent rows, configuration ͑a͔͒ in Fig. 3 is actually less stable ͑by respectively ϳ0.13 and ϳ0.03 eV per C͒ than the configurations ͑b͒ and ͑c͒, which exhibit a larger separation between the C rows. Similarly, for the three-row structures, the configuration ͑d͒ with three adjacent rows is much less stable ͑by ϳ0.19 eV per C͒ than the configuration ͑e͒ in which one of the rows is further apart from the other two. These results indicate that the C zig-zag chain is by no means a stable entity, two isolated C rows are energetically more favorable than a zig-zag chain, and that the C rows exhibit repulsive nearest-neighbor interactions. We note that this supports the assumption of repulsive C-C pairwise interactions made in previous modelsimulation studies of C segregation on Fe͑100͒, 7 which account for the experimental c͑2 ϫ 2͒ structure, corresponding to a half-coverage situation. Furthermore, on the basis of similar Monte Carlo simulations, using the model Hamiltonian in Eq. ͑1͒ and performing simulated annealings, we find that the C zig-zag chain structure in Fig. 6 is actually the single lowest-energy configuration that can be obtained with the contraints that ͑i͒ the C coverage is 2 3 monolayer, ͑ii͒ the C atoms occupy hollow sites, and ͑iii͒ the C-C interactions are repulsive up to the third-nearest neighbor ͑neglecting interactions beyond third-nearest neighbor͒. The formation of the c͑3 ͱ 2 ϫ ͱ 2͒ zig-zag structure, observed at a C coverage of 2 3 ML, can thus be explained in terms of a minimization, at that given coverage, of repulsive interactions between C impurities occupying hollow sites.
It is noteworthy that when repulsive interactions are included only up to first-or second-nearest neighbor, the zigzag chain structure is only one among the many possible degenerate ground-state configurations. The interactions which stabilized the zig-zag chain structure appear thus to have some long-range character, which could have an electrostatic and/or elastic origin. Howevever, further investigations are needed to assess the exact origin of these interactions.
IV. DISCUSSION
A. C surface segregation
The core level photoemission data show that the impurity diffusion towards the surface can be kinetically driven by annealing procedures and that a sequence of metastable phases can be reached and carefully reproduced many times, i.e., the bulk represents an infinite reservoir of impurity atoms. The C concentration at the surface reaches a maximum at 2 3 of a monolayer, to which corresponds a well-defined metastable phase that changes severely the electronic properties of the iron surface, for example reducing the reactivity with colliding molecules of the residual gas. In particular, the surface appears passivated with respect to oxydation. Moni-
toring the oxygen uptake of the surface by means of photoemission intensity at 6 eV binding energy ͑mostly O 2p states͒ shows at least an order of magnitude reduced sticking coefficient of the C / Fe͑100͒ surface with respect to the reference pristine Fe͑100͒ surface. A reduced number of dangling bonds on the surface is also suggested in the STM images by the white clouds localized at C-chain breaks, which may represent the residual number of unsaturated bonds available for chemisoprtion of contaminants. The C 1s line shape in the segregated surface loses all high BE structures associated with graphitic or carbidic C, which are present after ion sputtering as residual surface impurities, but presents an asymmetric line shape that can be described by the overlap of at least three components and an asymmetric tail due to the metallic environment ͑Doniac-Sunjic lineshape͒. These components are spread over 400 meV and should be attributed to C in quite different configurations at the surface. By means of Auger electron spectroscopy it is further confirmed that the C / Fe abundance ratio at the surface is well defined and characteristic of the associated LEED patterns showing c͑2 ϫ 2͒ and c͑3 ͱ 2 ϫ ͱ 2͒ ordered domains. Furthermore, Auger spectra suggest a strong C-Fe bond from the presence of the two structured Auger lines at the low kinetic energy side with respect to the main line, in agreement with previous results. 33, 34 The change in reconstruction does not imply that other coordination sites of the Fe͑100͒ surface should be considered, but that a change in C coverage, due to the thermal process, leads to a rearrangement of the C atoms on hollow sites, as confirmed by our ab initio calculation and as reported in literature. 28, 31 B. Zig-zag chain structure
The STM images give evidence of the formation of stripes in the ͓110͔ and ͓1-10͔ directions with a zig-zag fine structure, in correspondence with the long-range order of the reconstructed mesoscopic domains. Parallel stripes terminate at some boundaries characterized by higher electron densities, which behave like dislocations since the network of parallel stripes on the opposite side is laterally shifted. Other stripes form cose mazes by rotating sharply between the ortogonal directions either without measurable charge density changes or with evidence of higher charge density at the corners. The images are quite dependent on the bias voltage, i.e., on the nature of the electron states mostly involved in the tunnelling. While the evidence of the stripe arrangements and of their zig-zag chain fine structure is obtained here for the first time, it is not straightforward to associate the imaged charge density with atomic species and absolute positions. Nevertheless a geometrical model of the surface structure compatible with the STM observations can be derived yielding a hypothesis of the unit cell of the structure that can be taken as the starting point for a total energy analysis. Moreover, zig-zag chains do avoid each other, never cross one another, and are laterally shifted after a break point or boundary. This behavior indicates an overall repulsive force between adjacent chains and a gain in making a 90 deg turn instead of crossing another chain. The breaking points are always marked by a high current density in the STM. This indicates that some sort of unsaturated bond remains at the end of a chain which, in turn, indicates that the iron bands are heavily hybridized in the chain structure, such as to produce local defects where it merges into unreconstructed areas, or just boundaries with other domains. The observed buckling of the chains does not seem to justify a large energy difference as measured in the C 1s photoemission. We therefore attribute only one component of the C 1s to the carbon in the striped domains and the remaining components in unreconstructed or boundary areas.
Ab initio calculations corroborate the description of the C zig-zag chain structure. The results show that indeed the C atoms occupy the fourfold hollow sites of Fe͑100͒ with fivefold C-Fe coordination, consistent with recent results. 23, 32 Both the c͑2 ϫ 2͒ and the c͑3 ͱ 2 ϫ ͱ 2͒ reconstructions, at C coverage of ͑C͒ atoms, respectively, and white ͑dark͒ area correspond to high ͑low͒ tunneling current. ͑b͒ Topographic STM image ͑6 ϫ 33 Å 2 ͒ of the zig-zag arrangement ͑V b = 250 mV, I t =10 nA͒. ͑c͒ dI / dV-V spectra measured at the points indicated by the markers ͑ϩ͒ in the image of ͑b͒. The bottom ͑top͒ spectra correspond to the left ͑right͒ markers in the image, as indicated by the numbers from 1 to 31. The spectra were taken with lock-in amplifier ͑f mod = 4.3 kHz, V mod =10 mV͒ and the tip-sample distance was set as the same of image acquisition. The spectra on the white zig-zag chain show a shoulder at V = + 150/ 200 mV.
density. The C atoms lie almost inside the surface: they are ϳ0.2-0.3 Å above the uppermost iron layer. The distance of the carbon from the iron atom underneath is 1.89 Å. The Fe atoms laterally confined within the stripes are slightly higher than those that sit between the stripes. The chain structure is favored, with an optimal configuration for double zig-zag chains ͑Figs. 7 and 8͒. We note, however, that the inequivalence of the two sites in the zig-zag chain, inferred from the STM measurements, is not present in the equilibrium atomic structure predicted by the ab initio calculations. Our calculations are performed for an ideal, infinitely extended c͑3 ͱ 2 ϫ ͱ 2͒ reconstructed surface and do not take into account the finite size of the reconstructed domains. The domain boundary effects may not be negligible for domains of nanometer lateral size and may account for unexplained features like the experimentally observed buckling within the stripes. Details of the Fermi surface may be responsible for the apparent corrugation from the STM cross sections and will be the object of further study.
C. Identification of the chemical species in the STM
It is not possible to go beyond this phenomenological description of the c͑3 ͱ 2 ϫ ͱ 2͒ structure without a definite identification of the chemical species in the STM images. The zig-zag signal in the STM images could, in principle, represent either the location of the C or of the displaced Fe. Ab initio calculations were therefore performed to simulate the STM images, corresponding the atomic structure in Fig. 6 , by sampling the local density of states at a given tip-surface distance. In Fig. 8͑a͒ , we show the simulated STM image for a bias of +200 mV and a tip-surface distance of ϳ3 Å. Blue and yellow circles represent, respectively, Fe and C atoms, and white ͑black͒ areas correspond to high ͑low͒ tunneling current. Comparison between the simulated and the experimental images ͓Fig. 4͑c͔͒ indicates that the maxima, displaying a zig-zag distribution in the STM, are located on the iron atoms enclosed within the C stripes. We note that the calculated images do not qualitatively change up to +800 mV bias and for all tip-surface distances considered, i.e., from 2.6 to 3.2 Å. The tunneling current, for biases in the range 0.3 to 0.7 V, can be mainly ascribed to Fe surface states laterally confined by the C stripe. These states have been investigated ab initio in Ref. 35 and correspond to onedimensional states located on the Fe atoms in the C / Fe stripes, with d 3z 2 −r 2 symmetry. At positive biases lower than 0.3 V, other states from the Fe bands, rehybrizided in the chain structure, are found to contribute significantly to the zig-zag chain signal. The iron d 3z 2 −r 2 surface states have been shown to be responsible for a prominent peak at ϳ0.2 eV above E F in STS measurements on the clean Fe͑001͒ surface. 26 The ab initio calculations in Ref. 35 indicate that, in the presence of the C chains, such states are shifted to higher energy and give rise to surface state bands of onedimensional character. Similar confinement and shifts to higher energy were also observed experimentally in related surfaces with segregated impurities. 27, 28, 36, 37 Using scanning tunneling spectroscopy, we have investigated the local density of states, across the stripes, for biases in the range −300 to + 500 mV. Figure 8͑b͒ shows the high resolution STM image of the zig-zag chain ͑33ϫ 6 Å 2 ͒ and Fig. 8͑c͒ the STS spectra, where the dI / dV curves numbered from 0 to 31 ͑bottom to top͒ were measured at positions marked by the crosses in panel ͑b͒. At positive voltage, we observe a shift to higher energy in the spectral weight of the curves corresponding to the black areas in panel ͑b͒, compared to those in the white area, which is consistent with the calculated trend. 35 On the other hand, the spectra corresponding to the white areas in panel ͑b͒ display a shoulder at V = + 150/ 200 mV, which differs from the calculated behavior. Although a shoulder is present in the simulated spectra, 35 it is located at lower bias ͑zero bias͒. The comparison between theory and experiment is thus not fully conclusive concerning the spectroscopic features, and further investigations at higher bias and/or using spin-polarized STS would be needed to experimentally confirm the theoretical assignment of the tunneling current.
V. CONCLUSIONS
The segregation of carbon from bcc Fe to the ͑100͒ surface leads to the occupancy of the fourfold hollow by C, in fivefold coordination with Fe neighbors. The bonds between C and Fe are strong, but the C-C repulsion plays a key role in establishing the local and long-range structure as a function of the relative aboundancy of C and Fe in the surface. The c͑3 ͱ 2 ϫ ͱ 2͒ phase corresponds to the formation of carbon stripes arranged in a way to avoid close packing and crossing, extending along the ͓110͔ and ͓1-10͔ directions. Most of the C atoms belong to these stripes, but minority species exist since the reconstructed domains are rather small, of the order of a few nanometers. The ab initio results for the c͑3 ͱ 2 ϫ ͱ 2͒ C zig-zag chain structure indicate that C atoms are strongly bound to the Fe surface at the hollow sites, with an equilibrium position only 0.2 Å above the outermost Fe surface atoms. The repulsive C-C nearest-neighbor interactions, heuristically assumed in Monte Carlo simulations 7 to account for the experimentally c͑2 ϫ 2͒ surface reconstruction ͑C coverage of 1 2 ML͒, is confirmed in the present study: the zig-zag chains, corresponding to a coverage of 2 
